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Abstract 

We  have  determined  the  equilibrium  step  structures  and  surface  morphology  for  the  whole  range  of  monohydride- 
terminated  (00  l)-terrace-plus-step  silicon  surfaces  using  scanning  tunneling  microscopy.  The  transformation  in  the 
equilibrium  Si  surface  morphology  caused  by  H-termination  can  be  categorized  into  three  different  regimes  delineated 
by  the  types  of  steps  present  on  the  clean  surfaces.  On  nominal  Si(0  0  1),  the  single-layer  height  B-type  steps  (Sb)  are 
mostly  non-rebonded  and  rougher  after  H  passivation.  On  surfaces  dominated  by  double-layer  height  B-type  steps 
(Db),  such  as  Si(l  1  11),  the  non-rebonded  DB  and  SB  steps  show  a  lower  formation  energy.  Measurements  on  post- 
annealed  surfaces  indicate  that  the  DB  step  formation  energies  strongly  depend  on  H  chemical  potential.  Smoother 
morphologies  are  observed  following  H-termination  of  surfaces  oriented  approximately  between  (117)  and  (114).  This 
effect  is  quite  apparent  on  Si(l  1  5),  where  the  monohydride  surface  exhibits  large  (1  1  5)-(2x2)  domains,  a  structure  not 
observed  on  the  clean  surface.  All  of  these  structural  modifications  result  directly  from  a  change  in  the  relative  energies 
of  the  possible  single-  and  double-layer  step  configurations. 
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1.  Introduction 

Surface  steps  are  a  fundamental  building  block 
in  layer-by-layer  film  growth.  It  is  well  known  that 
adsorbates  can  change  the  step  edge  structure  and 
energetics,  inducing  morphological  and  structural 
changes.  Upon  adsorption,  the  surface  chemical 
potential  and  surface  free  energy  is  altered,  and  the 
surface  will  restructure  to  lower  its  surface  energy. 
Semiconductors  are  particularly  susceptible  to 
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adsorbates  and  these  kinds  of  changes  [1].  Some 
surfaces  will  undertake  extreme  morphologies  to 
assure  a  low-energy  configuration.  Roughening 
[2,3],  faceting  [4,5],  growth  mode  modification 
[6,7],  and  surface  reconstructions  [8-10]  are  just  a 
few  of  the  properties  that  are  directly  tied  to  sur¬ 
face  temperature  and/or  adsorbate  coverage  (i.e. 
chemical  potential).  Understanding  how  changes 
in  chemical  potential  and  surface  free  energy  in¬ 
duced  by  adsorption  affect  the  surface  morphology 
and  reconstruction  is  an  interesting  and  important 
ongoing  topic  in  surface  science  [11-15]. 

Because  of  its  technological  importance,  silicon 
is  the  most  widely  studied  semiconductor  surface. 
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Although  the  surface  morphologies  and  recon¬ 
structions  on  clean  Si  surfaces  with  a  wide  range  of 
crystallographic  orientations  have  been  examined, 
most  studies  have  concentrated  on  orientations 
near  (001)  [16,17].  In  the  vicinity  of  (00  1),  surfaces 
are  described  as  having  an  (0  0  l)-like  terrace-plus- 
step  morphology  [16].  Steps  are  labeled  according 
to  their  height  (single-  (S)  vs.  double-layer  (D) 
height)  and  to  the  dimer  orientation  on  the  terrace 
preceding  the  step  (A-  vs.  B-type)  [18].  Adsorption 
on  Si  can  produce  many  different  changes  to  the 
surface  morphology.  Surface  faceting  and  new  re¬ 
constructions  are  just  a  few  of  these  changes. 

Hydrogen  is  one  of  the  simplest  and  most  im¬ 
portant  adsorbates  on  Si.  Particular  attention  has 
been  paid  to  its  adsorption  on  nominal  Si(0  01) 
[19,20],  Saturation  exposure  to  molecular  H2  at 
room  temperature  simply  passivates  the  steps  [21- 
24].  While  adsorption  at  very-high  temperatures 
and  pressures  produces  a  monohydride  surface 
[25],  these  exposure  conditions  are  far  from  ideal. 
Instead,  atomic  hydrogen,  rather  than  molecular 
H2,  is  used  to  prepare  a  well  ordered,  low  defect 
density  H-terminated  surface.  The  morphology 
and  reconstruction  after  passivation  strongly  de¬ 
pends  on  the  H  chemical  potential  [26].  By  select¬ 
ing  adequate  surface  temperature  and  exposure 
conditions,  a  (lxl),  (3x1),  or  (2x1)  surface  is 
prepared  [20,27-30].  In  the  case  of  low  tempera¬ 
ture  exposures,  Si  is  etched  primarily  by  the  evo¬ 
lution  of  SiH4  from  SiHY=2  3  hydrides  [29].  Because 
these  hydride  species  are  unstable  above  550  K,  the 
monohydride  surface  prepared  between  600  and 
675  K  is  impervious  to  etching  [31],  Although 
adsorption  of  H  on  Si  has  been  well  studied,  we 
have  recently  found  that  H  changes  the  atomic 
structure  of  the  steps  and  that  these  changes  can 
affect  the  surface  morphology  on  Si(OOl)  vicinal 
surfaces  [32],  Here  we  report  the  surface  mor¬ 
phology  of  monohydride-terminated  Si  and  the 
changes  induced  by  H  for  the  whole  range  of 
surface  orientations  from  (0  0  1)  to  (1  1 4). 

2.  Experimental 

The  experiments  were  performed  in  ultra-high 
vacuum  (UHV)  using  commercially  available  Si 


wafers  oriented  within  0.5°  of  (0  01),  (1111), 
(1  1  7),  (1  1  5),  and  (1  1  4).  Samples  were  cut  from  a 
wafer,  transferred  into  the  UHV  chamber,  and 
degassed  for  8  h.  A  clean  Si  surface  was  prepared 
by  heating  the  sample  twice  at  1500  K  for  1  min 
and  then  5  s,  consecutively,  while  maintaining  the 
pressure  in  the  UHV  chamber  below  8  x  10-10  Torr. 
The  sample  cools  radiatively  to  room  temperature 
after  each  heating,  and  there  is  a  minimum  5-min 
delay  between  each  heating.  Samples  were  cleaned 
many  times  using  the  same  procedure  without  af¬ 
fecting  the  apparent  cleanliness  of  the  surface  or 
the  long-  and  short-range  order.  Monohydride- 
terminated  surfaces  were  prepared  by  exposing 
clean  samples  to  atomic  H  while  heating  the  sample 
at  615  K.  Atomic  H  was  produced  by  decomposing 
molecular  H2  with  a  hot  tungsten  filament  located 
1  cm  away  from  the  sample.  After  H  exposure  some 
samples  were  post-annealed  at  the  same  dosing 
temperature.  Filled  and  empty  state  scanning  tun¬ 
neling  microscope  (STM)  images  of  the  clean  and 
monohydride  surfaces  were  collected  at  2  V  and 
0.1  nA. 


3.  Results 

Before  describing  our  results  on  the  monohy¬ 
dride  surface,  it  is  useful  to  review  the  clean  sur¬ 
face.  The  studied  surfaces  belong  to  a  family  of 
surfaces  having  an  (0  0  1  )-terrace-plus-step  mor¬ 
phology  [16],  In  this  family  (0  01)  and  (114)  (19.5° 
away  from  (0  0  1)  towards  (111))  [33]  are  the  only 
stable,  low-energy  planes.  The  other  orientations 
can  be  sorted  into  four  regions  depending  on  the 
kinds  of  steps  present  at  the  surface.  Fig.  1  shows 
the  distribution  of  the  steps  as  a  function  of  miscut 
angle  in  the  four  regions.  Region  I  consists  of  al¬ 
ternating  single-layer  A-  and  B-type  steps  (SA  and 
SB),  whereas  region  III  is  composed  solely  of  re¬ 
bonded  double-layer  steps  (r-DB).  Surfaces  in  re¬ 
gions  II  and  IV  contain  a  mixture  of  steps;  SA  +  SB 
mixed  with  r-DB  in  region  II,  and  non-rebonded 
Db  steps  (n-DB)  mixed  with  r-DB  in  region  IV. 
Note  that  in  this  region  the  ratio  of  n-  to  r-DB 
steps  increases  from  zero  on  (11  7)  to  one  on 
Si(  1  1  4).  To  help  the  reader  visualize  the  different 
step  structures  referred  to  in  this  work,  top  and 


72 


A.  R.  Laracuenle,  L.  J.  Whitman  /  Surface  Science  545  ( 2003 )  70-84 


(a) 


Orientation 


5  ^  £  “2  t 

O  X-  X-  T-  X- 


Miscut  Angle  (degrees) 


Fig.  1.  Distribution  of  single-  and  double-layer  steps  as  a 
function  of  miscut  angle  on  clean  vicinal  Si(00  1).  (a)  The  type 
of  steps  present  on  the  surface  can  be  categorized  into  four 
regions:  (I)  SA  +  Sb  steps,  (II)  SA  +  SB  mixed  with  r-DB  steps, 
(III)  r-DB  steps,  and  (IV)  r-DB  blend  with  n-DB  steps.  The  data 
points  shown  in  region  II.  filled  circles  and  squares,  were  taken 
from  Ref.  [17],  (b)  Structural  models  (top  and  side  views)  of  the 
most  common  steps  found  on  clean  and  H-terminated  vicinal 
Si(00  1).  The  triple  layer-height  type  B  step  (TB)  is  only  found 
on  the  H-terminated  surfaces. 


side  view  ball  and  stick  models  of  the  step  struc¬ 
tures  are  also  shown  in  Fig.  1. 

To  illustrate  how  the  steps  appear  at  the  atomic 
scale,  high-resolution  STM  images  of  the  clean 
(0  01  )-like  surfaces  are  depicted  in  Fig.  2.  On  SA 
steps,  the  dimer  rows  of  the  upper  terrace  are 
oriented  parallel  to  the  step  edge,  whereas  on  SB 
steps  they  are  oriented  perpendicular  to  the  step 
edge.  Most  SB  steps  on  the  clean  surface  are 
rebonded,  meaning  that  there  is  an  extra  row  of 
atoms  adjacent  to  the  step  edge.  These  atoms  are 
clearly  visible  as  a  lx  row  of  protrusions  next  to 
the  step  edge  (Fig.  2(b)).  Structurally,  r-DB  steps 
are  very  similar  to  SB  steps,  a  dimer  followed  by  a 
pair  of  rebonded  atoms.  The  brightness  of  the 
rebonded  atom  relative  to  the  dimer  depends  on 
the  miscut  angle.  For  instance,  on  Si(l  1  11)  the 
protrusions  associated  with  the  dimers  are  much 
brighter  than  the  protrusions  associated  with 
the  rebonded  atoms  (Fig.  2(c)).  In  contrast,  on 
Si(  1  1  4)  the  dimer  is  hardly  visible  while  the  re¬ 
bonded  atom  is  the  brightest  feature  in  the  images 
(Fig.  2(d)).  The  appearance  of  the  n-DB  steps  in 
the  STM  images  depends  on  the  miscut  angle.  On 


Fig.  2.  5  nmx5  nm  filled-state  STM  images  of  clean  (a,  b) 
Si(001),  (c)  (1  1  11),  and  (d)  (1  14).  Models  are  overlaid  in  the 
figure  to  highlight  the  various  step  structures,  (b)  A  row  of 
rebonded  atoms  is  indicated  with  an  arrow. 
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Si(l  1  5),  the  STM  simply  images  the  dimer  at  the 
step  edge  (not  shown).  At  larger  angles,  like 
Si(l  1  4),  the  STM  images  the  bonds  between  the 
dimer  and  the  step  edge  atoms.  This  shows  up  as  a 
2x  feature  of  oblong  protrusions  running  perpen¬ 
dicular  to  the  step  edge.  Independent  of  sample 
orientation,  all  the  steps  have  a  unique  appearance 
on  the  STM  images,  making  it  possible  to  quan¬ 
tify  the  step  structures  on  clean,  vicinal  (0  01) 
surfaces. 

To  appreciate  the  morphological  changes  pro¬ 
duced  by  the  passivation  process,  STM  images  of 
clean  and  monohydride-terminated  Si  at  various 
orientations  are  depicted  in  Fig.  3.  First,  we  con¬ 
sider  the  morphology  of  the  clean  surfaces  (left 
column).  On  the  well-known  (001)  surface,  alter¬ 
nating  SA  and  SB  steps  are  easily  identified  in  the 
figure.  Surfaces  in  region  III,  like  (1111)  and 
(1  1  7),  have  a  unit  cell  composed  of  «-dimers  plus 
one  r-DB  step,  with  n  typically  between  3  and  8. 
This  type  of  unit  cell  produces  a  row-like  structure 
oriented  along  the  [1 1 0]  direction.  The  frequency 
of  the  Db  steps  increases  with  increasing  miscut 
angle,  reaching  a  maximum  at  Si(l  1  7).  It  should  be 
noted  that  wafer  terrace  steps,  indicated  in  Fig.  3(c) 
and  (e),  will  be  ignored  in  this  work.  In  region  IV, 
which  includes  Si(l  1  5),  the  surface  morphology  is 
best  described  by  a  periodic  array  of  nanoscale 
facets  whose  sides  are  ( 1  1  7)-  and  ( 1  1  4)-oriented. 
A  (1  1  5)-oriented  segment  connects  the  facets  to¬ 
gether.  The  surface  morphology  of  Si(  1  1  4)  is 
very  similar  to  that  of  nominal  Si(0  01),  where 
large  (1  1  4)  terraces  are  separated  by  terrace-steps. 

Moving  ahead  to  the  effects  of  H  on  Si,  H-ter- 
minated  Si(0  01)  and  H-terminated  Si(  1  1  4)  ap¬ 
pear  to  be  unaltered  after  H-passivation  (see  Fig. 
3(f)  and  (j)).  On  monohydride  Si(OOl),  a  large 
number  of  kinks  at  the  SB  step  edge  are  observed. 
In  general,  these  two  surfaces  still  exhibit  the 
typical  terrace-plus-step  morphology.  In  contrast, 
the  surface  morphology  of  (1111),  (117),  and 
(1  1  5)  is  different  after  H  exposure.  Si(l  1  11)  and 
Si(l  17)  have  become  disordered,  with  the  degree 
of  atomic-scale  disorder  highest  on  Si(l  17).  Only 
a  hint  of  the  typical  [1 1 0]  row-like  structure  re¬ 
mains  for  these  two  orientations.  Quite  the  oppo¬ 
site,  Si(  1  1  5)  appears  to  be  flatter  overall  after  H 
exposure.  Although  nanofacets  remain  visible, 


CLEAN  \  H-TERMINATED 


Fig.  3.  50  nmx50  nm  filled-state  STM  images  of  clean  and 
monohydride-terminated  Si(00  1),  (1111),  (117),  (115),  and 
(1  14).  (b  and  c)  The  spacing  between  r-DB  steps  is  highlighted 
with  vertical  lines,  (c  and  e)  Terrace  steps  are  indicated  with 
arrows,  (d)  On  a  typical  Si(l  1  5)  nanofacet,  the  facet  segments 
are  oriented  in  the  (11  7),  (11  4),  and  (1  15)  as  indicated  with 
the  arrows,  (i)  A  2x  domain  observed  in  the  H-terminated 
Si(  1  1  5)  surface  is  highlighted.  A  close  up  view  of  the  domain  is 
shown  in  the  inset. 
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some  areas  of  the  surface  now  have  an  ordered, 
planar  2x  (1  1  5)  structure  that  extends  over  areas 
as  large  as  2  nmx25  nm  (inset  Fig.  3(i)). 

The  change  in  surface  morphology  is  directly 
related  to  the  structure  of  the  steps.  To  show  the 
effect  of  FL  exposure  on  the  steps,  high-resolution 
STM  images  of  the  monohydride-terminated  steps 
are  shown  in  Fig.  4.  A  general  feature  of  passi¬ 
vating  a  surface  with  FI  is  that  the  dimer  is  no 
longer  buckled  [20].  Aside  from  that,  FI  has  no 
obvious  effect  on  the  structure  of  SA  steps.  In 
contrast,  the  structure  of  the  SB  steps  changes  after 
FI  exposure.  Most  noticeable  is  the  absence  of  the 
rebonded  atoms  that  occur  next  to  the  step  edge 
on  the  clean  surface,  indicating  that  the  FI-termi¬ 
nated  steps  are  now  non-rebonded  (n-SB)  steps.  A 
pronounced  change  in  structure  is  observed  in 
Si(  1  1  11),  where  a  mixture  of  step  structures  now 


Fig.  4.  5  nmx5  nm  STM  images  of  monohydride-terminated  Si 
(0  01),  (1  1  11),  (1  1  7),  (1  1  5),  and  (114).  Overlaid  models  are 
use  to  highlight  the  structure  of  the  steps. 


decorates  the  surface.  Among  the  different  step 
structures,  the  most  striking  is  the  SA  +  SB  step 
combination  (produced  by  the  splitting  of  DB 
steps),  with  the  SB  step  being  n-SB  like  on  H-ter- 
minated  Si(0  01).  Furthermore,  r-DB  and  n-DB 
steps  coexist  on  this  surface.  There  are  two  addi¬ 
tional  step  structures  found  on  both  Si(l  17)  and 
Si(l  1  5).  The  first  one  is  a  triple-layer  high  type  B 
step  (Tb)  followed  by  an  SA  step  (TB  +  SA).  The 
second  new  step  structure  consists  of  a  single¬ 
dimer-wide  SB  step  followed  by  an  SA  step,  labeled 
1SB  +  SA.  Under  certain  conditions  H  has  little 
effect  on  Si(l  14),  and  a  nearly  perfect  H-termi- 
nated  surface  can  be  prepared  with  step  structures 
that  are  unchanged.  It  is  worth  noting  that  the 
H-terminated  n-DB  steps  have  a  very  different 
appearance  compared  to  the  clean  surface.  On  the 
H-terminated  n-DB  steps,  the  step  edge  atoms  are 
clearly  visible  as  round  protrusions  with  a  lx 
period.  As  in  the  case  on  the  clean  surfaces,  all  the 
different  step  structures  have  a  unique  appearance 
on  the  H-terminated  surfaces. 

Because  of  spatial  changes  in  the  electronic 
structure  as  a  function  of  miscut  angle,  the  appear¬ 
ance  of  r-DB  and  n-DB  on  H-terminated  surfaces  are 
somewhat  orientation  dependent.  Dual-bias  STM 
images  offer  the  best  method  to  observe  these 
changes  and  to  spot  features  not  usually  observed 
in  filled-state  images.  Fig.  5  depicts  empty-state 
images  of  Si(0  0  1 )  and  (114),  and  dual-bias  STM 
images  of  H-terminated  Si(llll)  and  (115). 
Whereas  the  dimers  on  Si(0  0  1 )  and  (114)  are  un¬ 
buckled,  the  rebonded  atoms  on  Si(  1  1 4)  are  slightly 
buckled  (indicated  by  the  alternating  intensity  of  the 
rebonded  atoms).  In  contrast,  dimers  on  Si(l  1 11) 
and  Si(l  1  5)  show  a  substantial  buckling  in  the 
empty  state  images.  In  addition,  a  very  interesting 
feature  is  observed  on  Si(l  111).  A  row  of  small 
protrusions  with  a  lx  periodicity  emerge  between 
the  last  two  dimers  of  the  n-DB  step  edge  (high¬ 
lighted  with  open  circles  in  the  figure).  This  feature, 
not  observed  in  the  r-DB  steps,  indicates  that  there 
must  be  some  type  of  rehybridization  of  the  bonding 
at  the  step.  (Although  the  specific  structural  origin 
of  this  effect  is  not  yet  known,  it  is  distinctly  and 
reproducibly  observed.)  On  Si(l  1  5),  the  rebonded 
atoms  are  distinctively  observed  as  a  row  of  lx 
protrusions  in  the  empty  state  images.  Because  of 
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FILLED  STATES  EMPTY  STATES 


Fig.  5.  (a  and  b)  Empty  state  STM  images,  5  nm  on  (he  side,  of 
monohydride  Si(00  1)  and  (1  1  4).  (c-f)  5  nmx5  nm  filled  and 
empty  states  STM  images  of  H-terminated  Si(l  1  11)  and 
Si(l  1  5).  Overlaid  models  highlight  a  few  of  the  steps,  (d)  An 
arrow  points  to  the  location  of  a  r-DB  step,  while  open  circles 
highlight  an  interesting  feature  that  only  appears  between  di¬ 
mers  near  the  step  edge. 

the  larger  miscut  angle  on  Si(l  1  5),  the  step  edge 
atoms  at  the  n-DB  steps  are  now  visible.  The  dimers 
at  the  n-DB  step  show  up  as  a  diffuse  row  in  the 
empty  state  image. 

An  interesting  question  is  the  fate  of  the  re¬ 
bonded  atoms  on  Si(0  0  1 ),  which  are  missing  from 
the  SB  steps  after  H-termination.  A  meticulous 
inspection  of  the  surface  revealed  something  fas¬ 
cinating:  when  the  sample  temperature  was  quen¬ 
ched  to  room  temperature  after  H  exposure,  while 
maintaining  a  constant  H2  pressure,  string-like 
rows  (highlighted  with  an  arrow  in  the  Fig.  6(a)) 
appeared  a  few  dimers  away  from  the  step  edge. 
These  features  appear  on  the  surface  independent 


Dimer  rows  away  from  step  edge 

Fig.  6.  STM  images,  35  nmx  35  nm  (a)  and  5  nmx5  nm  (b  and 
c),  of  monohydride-terminated  Si(00  1).  (a)  The  arrow  points  to 
a  string  feature  that  is  observed  on  this  surface  under  specific 
exposure  conditions,  (b)  A  model  is  overlaid  on  the  string 
feature  to  highlight  its  3x1  character,  (c)  Same  surface  as  (b) 
that  has  been  post-annealed  for  10  min  at  600  K.  (d)  Probability 
of  finding  SiH2  (lxl  feature)  as  a  function  of  the  number  of 
dimer  rows  away  from  the  step  edge.  The  line  is  an  exponential 
fit  to  the  average  of  the  data. 

of  FIs  pressure,  and  are  not  observed  near  the  SA 
steps.  Each  structure  is  made  out  of  a  lx  row  of 
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protrusions  inserted  between  dimer  rows,  resulting 
in  a  local  3x1  reconstruction  (Fig.  6(b)).  This  local 
reconstruction  is  typical  of  a  dihydride  phase 
[34,35],  in  which  the  dihydride  units  are  adjacent 
to  monohydride-terminated  dimers.  The  proba¬ 
bility  of  finding  a  dihydride  several  dimer  rows 
away  from  the  step  edge  is  shown  in  the  figure. 
When  the  sample  is  post-annealed  after  H  exposure 
at  the  same  passivation  temperature  but  without 
any  background  H2  pressure,  a  trench  like  feature 
is  observed  on  the  surface  (Fig.  6(c)).  The  region 
around  the  trench  still  has  a  local  3x  reconstruc¬ 
tion,  but  with  a  row  of  vacancies  inserted  between 
dimer  rows;  the  dihydrides  have  been  replaced  with 
vacancies.  These  observations  are  related  to  the 
disappearance  of  the  rebounded  atoms,  and  their 
relation  will  be  address  later  in  the  paper. 

In  order  to  investigate  what  role  the  FI  chemical 
potential  (jiH)  plays  during  the  passivation  process, 
H-terminated  Si(l  1  11)  was  studied  as  a  function 
of  FF  background  pressure,  exposure  time,  and 
post-annealing  time.  The  results  are  summarized  in 
Fig.  7.  First,  we  consider  the  effects  that  exposure 
time  has  on  the  structure  of  the  steps  (Fig.  7(a)- 
(c)).  These  surfaces  were  exposed  for  2,  6,  and  10 
min  at  a  constant  H2  background  pressure  of 
2x10  6  Torr  and  were  cooled  to  room  tempera¬ 
ture  before  pumping  away  the  H2  (no  post-an¬ 
nealing).  Two  minutes  of  H  exposure  produced  a 
surface  that  is  no  longer  exclusively  composed  of  r- 
DB  steps.  Instead,  the  surface  is  made  of  a  mixture 
of  r-DB,  n-DB  and  SA  +  SB  steps.  Six  minutes  ex¬ 
posure  increased  the  SA  +  SB  step  concentration 
and  dramatically  decreased  the  number  r-DB  steps. 
In  contrast,  further  exposure  (10  min)  had  almost 
no  effect  on  the  step  concentrations.  The  most 
significant  difference  between  the  6  and  10  min 
exposures  is  that  the  SA  +  SB  steps  and  n-DB  steps 
have  formed  small  domains.  Although  the  surface 
morphology  after  2,  6,  and  10  min  is  very  similar, 
the  coverage  of  SA  +  SB  steps  is  significantly  dif¬ 
ferent  after  2  and  6  min  of  exposure.  The  SA  +  SB 
step  concentration  as  a  function  of  dose  is  plotted 
in  Fig.  7(d). 

Next,  we  consider  the  role  of  the  H2  background 
pressure  during  the  passivation  process.  Si(l  111) 
was  exposed  to  2xl0~6  and  1  x  10~5  Torr  H2 
without  post-annealing  (see  Fig.  7(c)  and  (e),  re- 


Fig.  7.  Surface  morphology  of  monohydride-terminated 
Si(l  1  11)  produced  at  a  background  of  2xl0~6  Torr  H2  and 
exposed  for  (a)  2  min,  (b)  6  min,  and  (c)  10  min.  (d)  A  plot  of 
the  SA  +  SB  step  distribution  of  each  of  the  previous  surfaces,  (e) 
Surface  exposed  to  1  x  10~5  Torr  H2  for  2  min.  (f)  The  same 
surface  that  is  depicted  on  (c)  but  post-annealed  for  390  min  at 
600  K.  Dangling  bonds  are  highlighted  with  open  circles. 


spectively).  The  length  of  the  exposure  was  ad¬ 
justed  such  that  these  two  surfaces  were  exposed  to 
a  similar  amount  of  H2.  However,  the  results  are 
dramatically  different.  The  most  significant  differ¬ 
ence  is  the  presence  of  DA  steps  after  the  I  x  1 0  5 
Torr  H2  exposure,  a  step  structure  that  is  never 
observed  on  vicinal  Si(0  0  1)  surfaces.  A  few  SA  +  SB 
and  n-DB  steps  are  also  observed  on  the  surface, 
but  the  r-DB  step  structure  is  not  observed.  Finally, 
we  consider  the  role  of  post-annealing  a  H-termi¬ 
nated  surface  without  the  presence  of  background 
H2.  Fig.  7(f)  depicts  the  surface  shown  in  Fig.  7(c) 
after  it  had  been  post-annealed  for  390  min.  About 
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15%  of  the  surface  is  covered  with  bright  protru¬ 
sions  which  are  attributed  to  dangling  bond  due  to 
H  desorption.  In  sharp  contrast  to  the  previous 
surfaces,  this  surface  is  mostly  composed  of  r-DB 
steps  (7%  SA  +  SB  and  6%  n-DB). 

In  addition  to  changing  the  atomic-scale  struc¬ 
ture  of  the  steps,  H  adsorption  also  alters  the 
large-scale  morphology  of  Si  surfaces.  STM  im¬ 
ages  of  hydrogen-terminated  Si(l  1  5)  prepared 
under  five  different  H  exposure  conditions  are  de¬ 
picted  in  Fig.  8.  Exposure  at  a  background  pres¬ 
sure  of  6x  10  6  Torr  H2  and  a  surface  temperature 
of  600  K  (Fig.  8(c))  appeared  to  have  no  obvious 
effect  on  the  surface  morphology.  The  typical 
nanofacet  morphology  observed  on  the  clean  sur¬ 
face  (Fig.  2(d))  is  still  visible  on  this  surface,  but 


Fig.  8.  STM  images,  100  nmx  100  nm,  of  hydrogen-terminated 
Si(l  1  5)  prepared  at  various  exposure  conditions  to  show  the 
effects  of  H2  pressure  and  surface  temperature:  600  K  and  (a) 
lxlO-5  Torr  H2,  (c)6x10-6  Torr  H2.  (d)  lxlO-6  Torr  H2,  and 
6x  106  H2,  and  (b)  640  K,  (e)  560  K. 


the  surface  is  not  well  ordered  at  the  atomic  scale. 
Similarly,  surfaces  prepared  at  a  lower  pressure 
exposure  (Fig.  8(d))  exhibit  a  disordered,  nano- 
faceted  surface.  In  contrast,  at  a  higher  H2  pres¬ 
sure  (Fig.  8(a))  and  surface  temperatures  40 
degrees  below  and  above  600  K  (Fig.  8(e)  and  (b) 
respectively)  the  nanofacet  morphology  is  no 
longer  present  and  the  surface  is  very  disordered. 

4.  Discussion 

4.1.  Etching 

It  is  important  to  determine  if  the  changes  caused 
by  H  adsorption  on  Si(0  0  1)  vicinals  are  the  result  of 
surface  etching.  Previous  work  has  clearly  estab¬ 
lished  that  etching — which  primarily  takes  place  by 
the  evolution  of  SiH4  from  SiHx=2, 3  hydrides — 
should  not  happen  at  the  surface  temperatures  used 
in  this  study  where  these  hydrides  are  not  stable 
[29,31].  Nevertheless,  we  have  carefully  examined 
this  possibility,  looking  for  signs  of  etching  on  the 
(00  l)-like  terraces  and  at  the  step  edges. 

On  nominal  Si(00  1),  the  only  evidence  of  etch¬ 
ing  we  observed  is  associated  with  the  removal  of 
the  single  row  of  rebonded  atoms  along  the  SB  step 
edge  (Fig.  6).  Recall  that  SB  steps  change  their 
structure  from  r-SB  to  n-SB  after  H  passivation. 
This  structural  transformation  requires  the  re¬ 
moval  of  the  rebonded  atoms  from  the  r-SB  step. 
To  our  surprise,  when  the  surface  is  radiatively 
cooled  to  room  temperature  under  a  H2  back¬ 
ground  pressure  after  passivation,  about  80%  of 
the  rebonded  atoms  remain  on  the  surface.  The 
formerly  rebonded  atoms  remain  on  the  surface  as 
a  single  row  of  protrusions  between  dimer  rows, 
creating  a  local  3  x  1  reconstruction,  indicative  of 
SiH2.  If  the  surface  is  instead  post-annealed  with¬ 
out  H2  present,  i.e.  at  a  lower  H  chemical  potential, 
SiH2  apparently  becomes  unstable  and  desorbs 
from  the  surface,  leaving  behind  the  observed  va¬ 
cancy  defect  (Fig.  6(c)).  This  is  the  only  type  of 
terrace  etching  that  is  ever  observed  on  nominal 
Si(00  1),  and  to  our  knowledge  has  not  been  pre¬ 
viously  reported.  It  is  constant  in  amount,  2  Si 
atoms  per  SB  step  or  1.41  tan(0)  ML,  where  0  is  the 
miscut  angle.  Once  SiH2  desorbs,  etching  stops. 
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The  removal  of  the  SiH2  appears  to  be  consis¬ 
tent  with  the  mechanism  proposed  by  Gates  et  al. 
14  years  ago  [29],  whereby  adjacent  SiH2  recom¬ 
bine  to  desorb  as  Si2H2.  Based  on  temperature 
program  desorption,  they  hypothesized  that  the 
SiAHv  products  coincident  with  the  /(2-H2  state 
originated  from  desorbing  Si2H2.  But,  they  also 
acknowledged  that  Si  and  SiH  desorption  could 
also  account  for  their  results.  Our  STM  results 
clearly  establish  that  the  disappearance  of  the  SiH2 
species  does  not  generate  any  dangling  bonds,  as 
would  occur  if  SiH4  or  Si2H4  desorbed.  Therefore, 
the  vacancies  must  originate  from  the  concerted 
desorption  of  Si2H2. 

The  question  of  etching  on  Si(l  1  11)  is  more 
complex.  At  a  first  glance,  it  appears  that  the  re¬ 
structuring  of  the  r-DB  steps  into  SA  +  SB  steps 
may  be  the  work  of  terrace  etching;  the  dimer  at 
the  r-DB  step  is  etched  away,  exposing  an  SA  step. 
Although  this  could  explain  the  emergence  of 
SA  +  SB  steps,  it  is  not  consistent  with  the  fact  that 
the  coverage  of  SA  +  SB  steps  remained  constant 
after  6  min  of  H  exposure.  This  fact  would  imply 
that  etching  must  stop  after  6  min,  which  seems 
very  unlikely.  In  addition,  features  that  are  com¬ 
monly  attributed  to  surface  etching,  like  terraces 
becoming  filled  with  vacancies  and  pits,  or  steps 
becoming  rougher  with  longer  exposures,  are  never 
observed  on  any  of  the  surfaces  [36^10],  Therefore, 
we  conclude  that,  in  general,  etching  is  not  the 
source  of  the  morphological  and  structural  chan¬ 
ges  observed  on  vicinal  Si(0  01)  surfaces.  Rather, 
the  changes  are  caused  by  surface  diffusion  (which 
will  be  addressed  later  in  the  paper). 

4.2.  Local  equilibrium 

Another  important  issue  is  whether  the  surfaces 
have  reached  equilibrium  or  not.  A  surface  can  be 
assumed  to  be  in  local  equilibrium  if  a  measure¬ 
ment  does  not  change  with  time  or  further  expo¬ 
sure.  For  instance,  on  nominal  Si(0  0  1),  hydrogen 
promotes  the  formation  of  many  kinks  without 
significantly  altering  the  overall  surface  morphol¬ 
ogy.  To  determine  whether  this  structure  is  the 
equilibrium  morphology,  we  analyzed  the  proba¬ 
bilities  of  having  no  kinks  (n0)  and  kinks  of  length 
±r  (n±r)  along  the  step  edge.  The  kink  probabilities 


on  a  clean  surface  are  significantly  different  from 
that  of  a  monohydride  surface  exposed  to  120  L 
H2.  However,  doubling  the  H-exposure  (240  L)  did 
not  produce  a  significant  change  in  the  kink 
probabilities,  suggesting  that  the  steps  have 
reached  a  local  equilibrium.  Similarly,  the  SA  +  SB 
step  coverage  on  Si(llll)  was  analyzed  as  a 
function  of  H  exposure.  Under  a  constant  H2 
background  pressure  of  2x  1CU6  Torr,  the  SA  +  SB 
step  coverage  increased  from  0%  to  49%  during  the 
first  6  min  and  remained  constant  after  10  min 
exposure.  Because  the  SA  +  SB  steps  did  not  change 
after  6  min,  it  is  reasonable  to  assume  that  this 
surface  has  also  attained  a  local  equilibrium. 

4.3.  Surface  diffusion 

Given  that  there  is  no  evidence  for  surface 
etching  during  H  passivation,  the  structural 
changes  must  therefore  be  caused  by  diffusion- 
mediated  mass  transport.  Rebonded  atoms  and 
dimers  are  the  two  basic  structural  units  that  can 
readily  diffuse  on  the  surface.  As  illustrated  in  Fig. 
9,  their  diffusion  will  make  specific  type  of  step 
structures  that  one  can  compare  to  the  step 
structures  observed  on  the  surface.  We  first  ex¬ 
amine  the  diffusion  of  rebonded  atoms.  Previ¬ 
ously,  Norton  and  coworker  [41],  observed  that  a 
small  number  of  rebonded  atoms  diffuse  away 
from  the  step  edge  at  400  K.  As  discussed  above, 
on  nominal  Si(0  01)  the  rebonded  atoms  are 
passivated  with  two  H  atoms  (dihydride),  and  80% 
diffuse  away  from  the  step  edge  where  they  ap¬ 
peared  to  be  stable.  There  is  no  trace  of  the  other 
20%  of  rebonded  atoms  in  the  form  of  vacancies 
or  SiH2.  The  “missing”  atoms  can  be  accounted 
for  if  they  diffuse  to  a  neighboring  r-SB  step  and 
create  two  n-SB  steps.  Similarly,  the  diffusion  of 
rebounded  atoms  on  surface  orientations  with 
r-DB  steps  is  illustrated  in  Fig.  9(b),  where  two 
rebonded  atoms  diffuse  to  a  neighboring  r-DB  step 
creating  a  n-DB  and  a  SB  +  SA  step.  Note,  how¬ 
ever,  that  this  requires  the  creation  of  a  double¬ 
layer  kink,  and  that  there  are  no  double-layer 
kinks  on  these  surfaces,  indicating  that  this 
mechanism  is  not  energetically  favored.  Therefore, 
the  changes  observed  after  H  exposure  must  then 
arise  from  dimer  diffusion. 
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Fig.  9.  (a)  High  resolution  STM  image  of  the  Si(l  1  11)  surface 
after  10  min  of  H  exposure.  Although  the  step  structure  has 
changed,  the  step  edge  remains  straight,  (b)  Diffusion  of  reb¬ 
onded  atoms  to  a  r-DB  step  will  create  a  double-layer  kink  on 
the  step  edge,  (c-e)  Three  possible  scenarios  that  can  account 
for  the  distribution  of  steps  on  H-terminated  surfaces  and  avoid 
the  formation  of  kinks,  (c)  Recombination  of  an  adsorbed  di¬ 
mer  with  a  r-DB  step  at  the  rebonded  atoms  site  producing  a  n- 
Db  step,  (d)  Dimer  diffusion  away  from  a  r-DB  step  generates  a 
“free”  adsorbed  dimer  plus  a  Sa  +  Sb  step  (ISa  +  SB  on  Si(l  1  7) 
and  higher  orientations),  (e)  Adsorption  of  a  free  dimer  at  the 
dimer  site  of  a  1  Sb  +  Sa  step  generates  a  DA  step.  Similarly, 
adsorption  at  the  DA  step  yields  a  Tb  +  Sa  step. 


On  nominal  Si(0  01),  the  step  edge  dimers  dif¬ 
fuse  along  the  step  edge,  creating  more  kinks  and 
significantly  reducing  the  steric  repulsion  between 
neighboring  dimers.  On  DB-stepped  orientations, 
dimers  can  either  attach  (Fig.  9(c))  or  detach  from 
r-DB  steps  (Fig.  9(d)),  creating  n-DB  steps  and 
SB  +  SA  steps,  respectively.  On  Si(l  1  7)  and  Si(  1  1  5) 
the  SB  steps  are  only  one  dimer  wide  (labeled  the 
1SB  +  SA),  and  are  the  precursors  to  TB  +  SA  steps. 
Adsorption  of  a  dimer  at  the  1SB  +  SA  step  creates  a 
Da  step,  which  upon  sequential  dimer  adsorption 


creates  he  TB  +  SA  step.  It  is  important  to  note  that 
this  mechanism  preserves  the  row-like  periodicity 
and  is  consistent  with  all  step  structures  that  are 
observed  on  these  surfaces.  Although  there  are 
many  possible  ways  to  rearrange  the  atoms,  the 
arrangement  must  produce  step  structures  that  are 
consistent  with  the  experiment.  Therefore,  we  be¬ 
lieve  dimer  diffusion  along  the  step  edges  is  re¬ 
sponsible  for  nearly  all  morphological  changes 
caused  by  H  exposure. 

4.4.  Step  energetics 


The  step  energetics  are  ultimately  responsible 
for  a  particular  distribution  of  steps  on  a  surface. 
We  used  two  approaches  to  analyze  the  distribu¬ 
tion  of  steps.  On  nominal  Si(00  1),  we  analyzed  the 
shape  of  the  steps  using  the  terrace-step-kink 
model  of  Burton,  Cabrera,  and  Frank  (BCF)  [42  - 
44],  Unfortunately,  BCF  failed  to  account  for  the 
kink  distribution  on  monohydride-terminated 
Si(001)  [32].  Below  we  discuss  several  possible 
explanations  for  this  failure.  In  our  second  ap¬ 
proach,  we  used  Maxwell-Boltzmann  (MB)  sta¬ 
tistics  to  determine  the  relative  energies  of  the 
various  step  structures. 


4.4.1.  Terrace-step-kink  mode I 

Within  the  BCF  framework,  the  first-  and  sec¬ 
ond-nearest  neighbor  interaction  potentials,  cj)l 
and  (j>2  can  be  determined  from  the  full  kink 
probability  distribution  along  a  step,  as  follows: 


h 

knT 


=  -  In 


(1) 


4^2 

knT' 


(2) 


where  n±r  is  the  probability  that  at  any  given  po¬ 
sition  along  the  step  edge  there  is  a  positive  or 
negative  kink  of  length  r.  (Note  that  q  =  n0  is  often 
used  in  the  literature  to  denote  the  probability  of 
not  having  a  kink  along  the  step  edge.)  It  follows 
that  the  formation  energy  of  an  A-type  step  is  de¬ 
termined  by  the  interaction  energies  across  a  B-type 
step,  £A  =  0® /4  +  <j)2/ 2,  and  vice-versa.  Inherent  to 
the  symmetry  in  BCF,  <f>2  =  </a  ;  however  on  the 
H-terminated  surface  we  found  experimentally 
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that  (f>2  ^  $  [32],  This  asymmetry  suggests  that 
other  interactions  not  accounted  for  in  BCF  must 
be  considered. 

To  investigate  possible  interactions  that  could 
cause  the  asymmetry  in  (f>2,  we  examined  the 
probability  of  having  a  kink  of  length  i  adjacent  to 
a  kink  of  length  /';  P(i,j j  =  n±r=i(x)  x  n±r=j(x+  1). 
The  pair  probabilities  P(i,j),  and  their  corre¬ 
sponding  uncorrelated  product  P(i)  x  P{j) ,  on  the 
clean  and  H-terminated  SA  and  SB  steps  are  shown 
in  Table  1.  P{i,j)  were  determined  by  counting  the 
number  of  times  a  kink  of  length  i  is  followed  by 
kink  of  length  j  and  dividing  that  number  by  the 
total  number  of  units  along  the  step.  Note  that  we 
find  P(i.  j)  to  be  symmetric,  P(i,j)  =P(j,i ).  On 
clean  Si,  P(i,j)  is  uncorrelated,  so  that  the  prob¬ 
ability  at  any  point  along  the  step  is  independent 
of  its  position.  Clearly,  this  is  not  the  case  on 
H-terminated  Si.  For  instance,  for  a  H-terminated 
SB  step,  P(l,l)  and  F’(l,—  1)  are  not  given  by 
the  uncorrelated  probabilities  F(l)/>(1)  and 
P(l)/,(— 1),  respectively.  This  analysis  shows  that 

Table  1 

Measured  pair  probabilities  P(i,j)  and  the  corresponding  un¬ 
correlated  probability  P{i)  x  P(j)  for  the  clean  and  monohy¬ 
dride  Sa  and  SB  steps.  The  value  of  P(i )  is  simply  the  square 
root  of  P(i)  x  P(J  =  i).  Cases  where  the  pair  probability  is 
correlated,  P(i,j)  f  P(i)  x  P(J),  are  highlighted  in  bold 


Uj 

Sa  step 

SB  step 

P(iJ) 

P(i)  x  P(j) 

P(iJ) 

P(i)  x  P(j) 

Clean 

0,  0 

0.766 

0.765 

0.447 

0.436 

0,  1 

0.062 

0.062 

0.075 

0.078 

0,  2 

0.023 

0.021 

0.033 

0.032 

0,  -1 

0.016 

0.019 

0.052 

0.059 

0,  -2 

0.002 

0.002 

0.023 

0.023 

1,  1 

0.004 

0.005 

0.014 

0.014 

1,  2 

0.002 

0.002 

0.009 

0.006 

1.  -1 

0.016 

0.011 

1,  -2 

0.003 

0.004 

Monohydride 

0,  0 

0.664 

0.637 

0.096 

0.098 

0,  1 

0.083 

0.101 

0.084 

0.080 

0,  2 

0.032 

0.038 

0.015 

0.020 

0,  -1 

0.010 

0.011 

0.074 

0.072 

0,  -2 

0.011 

0.018 

1,  1 

0.027 

0.016 

0.036 

0.065 

1,  2 

0.011 

0.006 

0.015 

0.016 

1,  -1 

0.086 

0.059 

1,  -2 

0.023 

0.015 

cj)l  and  </>2  cannot  be  determined  correctly  on  the 
H-terminated  surface  using  BCF  because  the  pair 
probabilities  are  correlated. 

One  possible  mechanism  for  correlated  P(i,j)  is 
the  presence  of  long-range  interactions.  Previ¬ 
ously,  we  suggested  that  step-step  interactions 
might  be  important  [32].  But  because  of  the  sym¬ 
metric  nature  of  P(i,j),  in  particular  />(1,— 1)  = 
P(—  1, 1),  the  step-step  interaction  between  kinks 
along  an  edge  can  be  neglected.  The  fact  that  only 
P(0, 1),  P(l,l),  and  />(1,—  1)  are  correlated  sug¬ 
gests  that  a  kink-step  interaction  might  be  re¬ 
sponsible  for  this  correlation.  Another  possible 
source  is  steric  repulsion  between  neighboring  H 
atoms.  This  effect  would  be  larger  on  SB  steps 
where  H  atoms  are  oriented  parallel  to  the  step 
edge.  We  need  theory  that  takes  into  account  these 
correlations  to  determine  which  interactions  might 
be  important  and  must  be  accounted  for  to  solve 
this  mystery. 

4.4.2.  Maxwell-Boltzmann  statistics 

We  have  also  examined  the  relative  step  ener¬ 
gies  assuming  MB  statistics.  In  the  following 
analysis,  a  unit  cell  will  represent  a  particle  whose 
energy  is  given  by  its  step  structure.  Since  the  unit 
cells  (particles)  can  be  labeled,  it  is  proper  to  em¬ 
ploy  Maxwell-Boltzmann  statistics  to  determine 
the  energy  difference  between  state  j  and  the 
chemical  potential  /<: 

£j-H  =  -kBTln(^y,  (3) 

where  itj  is  the  average  number  of  particles  in  state 
j  and  N  is  total  number  of  particles. 

Fig.  10  depicts  the  relative  population  of  steps  as 
a  function  of  orientation.  The  most  dramatic 
change  after  passivation  is  observed  in  region  III. 
While  clean  surfaces  in  this  region  are  exclusively 
composed  of  r-DB  steps,  monohydride  surfaces  are 
made  of  a  mixture  of  4-5  different  steps.  Similarly, 
region  IV  is  composed  of  a  large  mixture  of  steps. 
The  change  in  step  distribution  as  a  function  of 
orientation  is  due  to  low  step  formation  energy  of 
the  n-DB  steps  through  a  wide  range  of  orientations 
on  the  monohydride  surfaces.  The  relative  energies 
of  all  the  step  structures  as  a  function  of  orientation 
are  summarized  in  Table  2  as  determine  by  MB 
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Orientation 


Miscut  Angle  (degrees) 


Fig.  10.  Distribution  of  steps  on  H-terminated  vicinal  Si(00  1). 
The  three  regions  are  defined  according  to  effect  that  H  has  on 
the  steps  and  on  the  surface  morphology.  In  region  I,  H 
roughens  the  Sb  steps.  In  contrast  to  region  II,  where  H 
roughens  the  surface,  H  can  produced  a  smoother  surface  in 
region  III.  The  lines  connecting  the  symbols  are  used  as  a  simple 
guide  for  the  eye. 

statistics.  It  is  interesting  how  the  step  energy 
changes  as  a  function  of  orientation.  Whereas  the 
SA  +  SB  step  energy  is  lowest  on  (001)  and  in¬ 
creases  towards  (1  1  4),  the  n-DB  and  r-DB  step 
energies  are  larger  on  (0  0  1 ),  decrease  towards 
(117),  and  remain  constant  towards  (114).  In 
contrast,  the  DA  and  TB  +  SA  step  energies  appear 
to  have  a  parabolic  behavior,  with  minimum  values 
at  (1  1  7)  and  (115),  respectively. 

There  has  been  some  theoretical  work  examin¬ 
ing  the  step-formation  energies  on  H-terminated 


Si(001)  surfaces  [26,45,46].  Zunger,  Zhang,  and 
Reboredo  have  examined  the  step-formation  en¬ 
ergies  as  a  function  of  H  chemical  potential  [45]. 
Although  they  did  not  consider  the  TB  +  SA  steps, 
their  findings  are  in  good  qualitative  agreement 
with  our  results.  Their  2x1  monohydride  phase 
step  energies  for  /<H  ~  —0.75  agree  with  our 
Si(l  1  7),  (1  1  5),  and  (114)  results.  For  the  most 
part  their  step  energies  at  ~  -0.5  agree  with 
what  we  have  observed  on  Si(l  1  11).  The  only 
discrepancy  between  these  results  is  the  offset  en¬ 
ergy  of  the  n-SA  +  n-SB  step.  We  find  that  an  offset 
energy  of  -0.75  eV  provides  the  best  agreement 
between  their  theory  and  our  experiment.  It  is 
worth  noting  that  the  calculated  energy  of  a  DA 
step  decreases  steeply  with  increasing  /<H,  sug¬ 
gesting  that  Da  steps  should  have  a  (lxl)  phase. 
This  prediction  could  explain  the  emergence  of  the 
Da  steps  on  Si(l  1  11).  Although,  we  do  observe 
that  the  DA  step  energy  decreases  with  increasing 
H H,  at  this  time  we  have  observed  no  evidence  for 
dihydride  DA  steps. 

To  further  characterize  the  step  energetics  on 
Si(  1  1  11),  we  have  analyzed  the  steps  using  a  three- 
particle  microstate,  defined  by  [«(*_!), «(*), «{i+i)], 
where  ri(x)  =  {SA  +  SB,  n-DB,  r-DB}  represents  the 
type  of  step  at  position  x.  After  counting  the 
number  of  microstates,  the  energy  between  mi¬ 
crostates  was  determined  using  Eq.  (3).  The  results 
are  shown  schematically  in  Fig.  11.  Although  the 
energy  barrier  between  microstates  is  completely 
unknown,  it  is  interesting  to  note  that  the  energy 
difference  between  microstates  (n-DB,  n-DB,  n-DB) 
and  (r-DB,  r-DB,  r-DB)  is  almost  2  kK  T.  This  in¬ 
dicates  that  while  it  is  highly  favorable  for  r-DB 
steps  to  loose  their  rebonded  atoms,  it  is  also  un¬ 
likely  for  rebonded  atoms  to  attach  to  n-DB  steps. 
A  final  point  to  this  large  energy  barrier  is  that 


Table  2 


Measured  step  structure  energies  Sj  relative  to  the  surface  hydrogen  chemical  potential 


Surface  orientation 

Relative  step  structure  energies  (e,  - 

“  j u) 

Sa  +  Sb 

n-DB 

r-DB 

Da 

Tb  +  Sa 

(1111) 

44  ±4 

50  ±4 

200  ±  10 

280  ±  20 

(117) 

130  ±6 

55  ±4 

60  ±4 

220  ±  10 

2001  10 

(115) 

150  ±  6 

60  ±  3 

60  ±3 

280120 

130  +  5 

(114) 

45  ±6 

50  ±6 

1701 10 
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Fig.  11.  Relative  energy  of  the  microstates  in  Si(  1111)  ac¬ 
cording  to  Maxwell-Boltzmann  statistics.  Notice  the  energy 
scale  of  kBT  indicated  by  the  bar.  The  steps  are  labeled;  Sa  +  Sb 
empty  rectangles,  n-DB  gray  rectangles,  and  r-DB  black  rect¬ 
angles. 


rebonded  atoms  are  more  likely  to  desorb  from  the 
surface  than  to  diffuse  on  the  surface,  in  agreement 
with  our  previous  conclusion. 

4.5.  Hydrogen  chemical  potential 

The  effects  of  are  most  noticeable  on  Si(l  1  5) 
and  Si(l  1  11).  The  chemical  potential  was  modi¬ 
fied  by  either  changing  the  surface  temperature  or 
by  changing  the  H2  background  pressure.  On 
Si(l  1  5)  we  find  a  range  of  /tH  where  the  surface 
roughness  has  its  lowest  value.  Outside  this  range 
the  surface  either  shows  signs  of  pitting,  or  re¬ 
mains  faceted  but  rougher.  The  increase  in  surface 
roughness  is  due  to  etch  pits  created  at  the  lower 
surface  temperature  and  is  also  due  to  redistribu¬ 
tion  of  the  types  of  steps. 

On  Si(llll),  the  step  equilibrium  structure 
strongly  depends  on  /<FI.  After  preparing  a  mono¬ 
hydride  surface  that  was  mostly  composed  of  n-DB 
and  SA  +  SB  steps,  the  surface  was  post-annealed 
without  hydrogen  (i.e.  lower  /tH).  Interestingly, 
the  r-DB  steps  dominated  the  resulting  surface  and 
there  was  negligible  H  desorption.  It  is  some¬ 
what  puzzling  that  the  surface  undergoes  such  a 


structural  reconstruction  without  H  present  while 
remaining  H  passivated.  Because  mass  appears  to 
be  conserved,  one  possible  explanation  for  this  re¬ 
structuring  is  the  detachment  and  diffusion  of  IT- 
terminated  dimers  (Si2H2)  from  n-DB  steps  to 
SA  +  SB  steps.  This  process  requires  the  intermedi¬ 
ate  formation  of  two  dangling  bonds,  two  SiH,  and 
adsorbed  Si2H2  at  the  n-DB  step.  Eventually  the 
adsorbed  Si2H2  reacts  with  an  SA  +  SB  step  releas¬ 
ing  two  H2  and  forming  a  r-DB  step.  In  contrast, 
exposures  at  higher  H  background  pressure  (i.e. 
higher  /<H)  produced  a  surface  mostly  composed  of 
Da  steps.  This  degree  of  surface  restructuring  re¬ 
quires  a  significant  amount  of  Si  (~0.5  ML)  to 
move  in  order  for  the  steps  to  rearrange  into  DA 
steps.  The  emergence  of  DA  steps  suggests  that  the 
Da  steps  are  stable  at  higher  juH,  in  good  agreement 
with  previous  theoretical  work  [45]. 


5.  Summary 

In  summary,  we  have  determined  the  equilib¬ 
rium  step  structures  and  surface  morphologies  for 
the  whole  range  of  monohydride-terminated 
(0  0  l)-terrace-plus-step  surfaces.  H  causes  the 
steps  to  restructure  and  alters  the  energy  balance 
between  the  various  types  of  steps.  The  new  step 
distribution  produced  by  H  exposure  causes  the 
changes  in  the  overall  surface  morphology,  which 
depends  on  the  H  chemical  potential.  The  step 
restructuring  can  be  accounted  for  by  the  removal 
of  rebonded  atoms  and  the  diffusion  of  dimers. 
Aside  from  vacancies  created  by  Si2H2  desorption, 
no  macroscopic  etching  was  observed  on  the  sur¬ 
face.  Our  analysis  indicates  that  the  surfaces  are  in 
local  equilibrium,  and  Maxwell-Boltzmann  sta¬ 
tistics  and  BCF  were  employed  to  determine  the 
relative  energies  between  steps. 

Our  understanding  of  the  step  structure  and  step 
energy  differences  between  clean  and  H-terminated 
vicinal  Si(0  01)  surfaces  can  help  explain  some  of 
the  previously  reported  effects  of  H2  on  film 
growth.  During  Si  homoepitaxy  by  either  MBE  or 
CVD,  hydrogen  increases  the  island  density  and 
reduces  the  island  shape  anisotropy  [7,47].  Al¬ 
though  H-termination  can  decrease  the  Si  adatom 
diffusion  rate  [7],  these  effects  can  be  accounted 
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for  if  H  somehow  “poisons”  the  SB  step  edges, 
inhibiting  Si  adatom  attachment  [48].  Our  re¬ 
sults  provide  a  simple  atomistic  explanation.  On 
H-terminated  surfaces,  the  SB  steps  are  non- 
rebonded,  and  attaching  a  Si  adatom  to  the  step 
edge  is  tantamount  to  converting  it  to  a  higher- 
energy  rebounded  step.  This  simple  mechanism 
could  also  account  for  similar  effects  of  hydrogen 
on  Ge  and  SiGe  film  growth  [49-51],  and  may  ex¬ 
plain  the  suppression  of  Co  and  Ni  silicide  forma¬ 
tion  on  H-terminated  Si  [52-54].  Similarly,  our 
results  may  explain  the  spontaneous  step  formation 
observed  on  Si(0  0  1 )  annealed  in  IT  under  extreme 
conditions  (~1  atm,  1200  °C)  [55]. 

It  is  important  to  acknowledge  that  when  hy¬ 
drogen  is  present  during  growth,  like  in  CVD,  it 
completely  disrupts  the  surface  morphology  on 
high-index  substrates.  Therefore,  any  models  based 
on  a  simple  periodic  terrace-plus-step  structure  are 
unlikely  to  be  accurate.  Although  we  have  focused 
on  the  effects  of  H  on  film  growth,  we  expect  the 
step  edges  to  be  modified  in  similar  ways  during 
the  etching  of  silicon  by  halogen  gases.  These  are 
just  a  few  examples  of  how  knowledge  of  the  ac¬ 
tual  step  structures  and  their  energies  should  prove 
useful  for  developing  high-fidelity  models  of  sili¬ 
con  growth  and  processing. 
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